ABSTRACT. Efforts to extract weak geomagnetic excursion signals from Chinese loess-paleosol 10 Be have generally been unsuccessful due to the complexities of its accumulation, because the geomagnetic and climate (precipitation and dust) signals contained in loess-paleosol sequence are tightly overprinted. Here, we present a reconstruction of geomagnetic relative paleointensities for the past 130 kyr from 10 Be records in 2 Chinese loess-paleosol sections using a correction based on the correlation of 10 Be with magnetic susceptibility (SUS) to remove the climatic contamination. Both these records reveal the Laschamp and Blake events, which lie in the loess and paleosol (L 1 SS 1 and S 1 SS 3 ) horizons corresponding to mid-MIS 3 and 5e, respectively. The good agreement between our results and other geomagnetic intensities reconstructions from Atlantic and Pacific sediments indicates that our method is robust. Our study suggests the potential application of loess-paleosol 10 Be for reconstructing geomagnetic intensity variations spanning the whole Quaternary.
INTRODUCTION
The cosmogenic radionuclide 10 Be is produced by cosmic-ray spallation in Earth's atmosphere. Its production rate there is regulated by the geomagnetic field intensity (e.g. Frank et al. 1997; Muscheler et al. 2005) , so that its accumulated concentration in eolian sediments can in principal be used to derive high-resolution records of geomagnetic field changes. Chinese loess-paleosol sequences provide us with a good opportunity for such studies since they are a well-known archive for paleogeomagnetic and paleoclimatic studies with independent age constraints (An et al. 1990; Zhou et al. 1990; Zhu et al. 2007 ). However, there are few geomagnetic excursion studies from the Chinese loess-paleosol 10 Be record reported previously due to the complexities arising from 2 sources of 10 Be: one is related to the precipitation effect and the other to the incorporation of transported and recycled eolian dust (Shen et al. 1992; Beer et al. 1993; Heller et al. 1993; Gu et al. 1996) . The geomagnetic excursions and reversals are important time markers for chronostratigraphic correlations, as systematic magnetostratigraphic studies have shown differences in short-lived excursions such as the Blake event observed in different loess-paleosol sequences (Evans and Heller 2001) . Hence, it is necessary to develop an effective method for the reconstruction of geomagnetic field variations from the alternative loess 10 Be records by decoupling the climate and geomagnetic influences, to provide new cross-checking evidence.
We know that loess/paleosol magnetic susceptibility is largely due to secondary mineral formation, which in turn is controlled by soil moisture, which can be related to climate (Maher and Thompson 1988; Zhou et al. 1990 ). Inspired by the high similarity between measured 10 Be and magnetic susceptibility proxy in loess (Shen et al. 1992; Beer et al. 1993; Wu 2004) , we first initiated the idea of separating the geomagnetic modulated 10 Be signal from the total 10 Be concentration, by taking loess susceptibility as a proxy for determining the 10 Be component affected by climate factors (dust-fall and wet precipitation), to reconstruct the paleomagnetic intensity (Zhou et al. 2007a) . Three assumptions for such a separation need to be made. First, we assumed that the 10 Be concentration in dry dust is quasi-homogeneous in space with fairly constant values (Zhou et al. 2007a) . Secondly, we assumed that the 10 Be inherited from dust is equal to that concentration found in loess during the driest period such as the last glacial maximum (LGM) when the precipitation was nearly negligible. Third, we assumed the functions can be separated arithmetically, as suggested by Zhou et al. (2007a,b) . These approaches allowed us to approximately estimate the dust 10 Be background signals (An and Sun 1995; Xian et al. 2008 ).
In the following, we introduce a new method to reconstruct the past 130-kyr relative 10 Be production rates and geomagnetic intensities from 2 loess 10 Be records. We chose to analyze loess profiles from the Luochuan and Xifeng sections so that we could compare the time frame containing the Blake and Laschamp geomagnetic excursions. Even though these 2 sections are considered difficult for interpreting geomagnetic excursions due to differences in signal smoothing (e.g. Zhu et al. 1998; Pan et al. 2002) , we chose them because each has well-established pre-existing sediment depth age models.
MATERIAL AND METHODS

Sampling and Proxies Measurements
Analyses were performed on the 1220-cm-and 1490-cm-length cores of Luochuan (3545N, 10925E) and Xifeng (3542N, 10738E) sections (Figure 1 ). Magnetic susceptibility was measured at 1-cm intervals as shown in Figure 2 . 10 Be measurements for Luochuan were done at 4-cm intervals, except during the last glacial maximum (LGM), where measurements were done at 1-cm intervals. 10 Be measurements for Xifeng were made at 8-10 cm intervals, except during marine isotope stage 3 (MIS 3) and part of paleosol S 1 , where it was sampled at 2-4 cm intervals. A total of 306 and 230 BeO samples from Luochuan and Xifeng, respectively, were chemically prepared in Xi'an, and measured in the Xi'an AMS Center, VERA in Vienna, and the NSF-Arizona AMS lab with a precision better than 3% (Zhou et al. 2007a) . (See full results in Appendix, Tables 1 and 2.) 
Timescales
The subdivisions of the paleosol S 1 unit are correlated to the oxygen isotope substages 5e-5a by An et al. (1991) , so that chronologies of our 2 sections could be derived on the basis of the correlation between loess-paleosol magnetic susceptibility with the marine oxygen isotope (MIS). In each case, we assumed that the MIS 2/1, 5/4, and 6/5 transitions corresponded to the inferred L 1 /S 0 (12.3 kyr BP), S 1 /L 1 (79 ± 1 kyr BP) (Johnsen et al. 2001) , and L 2 /S 1 (129.8 ± 1 kyr BP) (Yuan et al. 2004) , and used these as boundaries for age interpolation using a grain-size-based sediment accumulation rate model (Porter and An 1995) . The Luochuan age scale was also cross-checked using a combination of optical luminescence (OSL) and 14 C ages ( Figure 2b ; Zhou et al. 2007a ). The Xifeng section was carefully correlated to Luochuan and the Dongge-Hulu Cave  18 O record (Wang et al. 2001; Yuan et al. 2004 ) for establishing a robust chronology over the past 130 kyr.
Similarity Between the Loess 10 Be and Magnetic Susceptibility
The loess-paleosol magnetic susceptibility is a function not only of eolian dust flux but also of pedogenic processes induced by precipitation, which controls soil moisture and the growth rate of pedogenic magnetic minerals (Maher and Thompson 1988; Kukla and An 1989; An et al. 1991; Maher et al. 1994; Porter et al. 2001) . Porter et al. (2001) have concluded that other meteorological factors and grain-size effects on the pedogenic index appear to be insignificant. This is also similar for the loess-paleosol 10 Be record, as the local atmospheric fallout rate depends strongly on the wet precipitation (Beer et al. 1993; Heller et al. 1993; Zhou et al. 2007a ). We know, however, that a fraction of the 10 Be concentration contained in loess-paleosols is derived from a dust source, but we believe that the same dust component bears both the recycled 10 Be and magnetic susceptibility components. Thus, both 10 Be and magnetic susceptibility in loess have signals containing a recycled dust component and a component that depends on the rainfall amount. The only difference is that the loess-paleosol 10 Be contains an additional signal arising from geomagnetic field variations (Zhou et al. 2007a ). The high similarity (r 0.95, Figure 2 ) between the loess 10 Be and magnetic susceptibility curves indicates both 10 Be and magnetic susceptibility are related to climate factors (precipitation and dust flux) in the same manner. Therefore, a linear regression between 10 Be and susceptibility can remove the climate-contributed 10 Be components and one can thus obtain the geomagnetic modulated 10 Be signals as suggested by Zhou et al. (2007b) based on an analysis that assumes that these 2 factors can be separated arithmetically and that the regression is linear. This assumption is clearly a significant approximation since the geomagnetic component may also have a component in the precipitation 10 Be.
Data Analysis Method
The main step of our analysis is first to extract the climate-contributed 10 Be from the Be(M), resulting in the following linear regression equations between the Be(M) and SUS(M).
Luochuan: Be(M) e = 1.2431 × SUS(M)  105.14 (1)
Where the estimated values Be(M) e in Equations 1 and 2 are determined by the subtraction of the estimated climatic contribution (dust source and local precipitation) under the past 130-kyr average 10 Be production rate (Zhou et al. 2007b) .
RESULTS AND DISCUSSION
Derived Relative 10 Be Production Rate Variation and Geomagnetic Excursion Events Records
After removal of the climate-contributed 10 Be, a residual signal Be(GM) is obtained by subtracting the estimated values (Be(M) e ) from the measured Be(M) in 2 sites. The resulting residual signal is the amount of the 10 Be concentration modulated by geomagnetic intensity variations. The Be(GM) signal can then be normalized and scaled to 1 for the present for deriving the global relative 10 Be production rates variations (Figure 3a, b) . It must be noted that Luochuan and Xifeng are located at about 35N, where the latitudinal average production rate is about 0.0147 (atoms/cm 2 s) (Masarik and Beer 1999), similar to the global average of 0.0184 atoms/cm 2 /s. Therefore, the separated geomagnetic modulated 10 Be signals can reliably reflect the global average 10 Be production rate variations.
Finally, we convert the normalized 10 Be production rate to the relative paleointensity using the formulas for 10 Be production rate and geomagnetic intensity reported by Xian et al. (2008) , with the assumption that long-period 10 Be production rate fluctuations are mainly modulated by geomagnetic field (Masarik and Beer 1999). We can thus stack records into a composite relative paleointensity record for in-depth correlation analysis.
The plot of the 130-kyr residual Be(GM) signal and the stacked relative geomagnetic intensity record from Luochuan and Xifeng (Figure 3 ) clearly reveal the Laschamp and Blake events. The Laschamp event lies in the middle layer of L 1 SS 1 (Figure 2 ), corresponding to the middle of MIS 3 at a depth of 492-524 cm in Luochuan and 584-620 cm in Xifeng. The age at this depth is about 43 kyr BP with duration of 3.9 kyr in 2 sections. The Blake event is located at the lower paleosol S 1 (S 1 SS 3 , Figure 2 ) at the depth of 1124-1176 cm in Luochuan and 1320-1424 cm in Xifeng. Its age is about 123 kyr BP with duration of 8.5 kyr in 2 sites. These 2 events coincide with periods of significant intensity drops and occur below a critical field less than 50% of the present-day field (Guyodo and Valet 1999). Reliable stratigraphic position of these 2 excursions determined by loess 10 Be also suggests the new time marker for future climatic correlations.
Geomagnetic Paleointensity Intercomparison
To check if our reconstructed paleointensity fits the global pattern, we compared our composite relative paleointensity result with those of the North Pacific (Figure 3d ) (Yamanaki et al. 2007 ), the latest PISO-1500 (Figure 3e ) record by Channell et al. (2009) who stacked many representative marine studies (e.g. Stoner et al. 2003; Carcaillet et al. 2004) , and the SINT-800 curve (Figure 3f ) (Guyodo and Valet 1999). All curves exhibit a similar low-frequency trend and each excursion event is characterized by a rapid start and termination, though its features are offset because of the different age model (Figure 3) . The 4 curves clearly show the Blake and Laschamp geomagnetic minima at about 123 and 43 kyr BP, respectively, and with a smaller local minima at about 60-65 kyr BP. Our results also show the long rise in geomagnetic intensity common to most records observed between 40 and 5 kyr BP and a drop in intensity (reflected by an increased 10 Be production rate in Figure 3a and 3b) at about 35 kyr BP. However, we are not sure whether this dip at ~35 kyr BP corresponds to the Mono Lake event (Wagner et al. 2000) , because the intensity peak is relatively small and is not obvious in some of the comparable records (Figure 3e and 3f) .
The Blake and Laschamp events can apparently be extracted from the Luochuan and Xifeng sections, showing that these short-lived excursions may be well preserved in the loess-paleosol sequence even east of the Liupan Mountains (Figure 1) . However, the climate-controlled pedogenesis, and dust accumulation effects have influenced the physical and chemical processes of ferromagnetic minerals in different paleosol and/or loess units. These processes lead to ambiguity in the geomagnetic excursion signal in some stratigraphic levels, which is hard to detect by paleomagnetic measurement (Zhu et al. 1998) . As a result, it has been unclear in the past if there was a record of the Blake event in the loess-paleosol sequence (Zheng et al. 1995; Fang et al. 1997; Zhu et al. 1994 Zhu et al. , 1998 Pan et al. 2002) . Our deconvolved atmospheric 10 Be production rate record shown here suggests that 10 Be in loess may directly reflect geomagnetic effects.
SUMMARY AND DISCUSSION
Results presented in this study suggest that loess-paleosol 10 Be records can indeed be used for geomagnetic field reconstruction once the remobilized dust and precipitation signal contamination are removed. The good agreement between our paleointensity records and comparison marine data sets spanning the last 130 kyr further indicates that our technique and analysis methods are indeed robust. Therefore, they could potentially be used to generate an extremely long record of geomagnetic intensities from Chinese loess-paleosol sequence, perhaps over the last 2.6 Myr.
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